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A B S T R A C T
Hard turning with minimal ﬂuid application is a recently developed technique to alleviate the problem
associated with cutting ﬂuid. During this process, very small quantity of cutting ﬂuid is applied as a narrow
high velocity pulsing jet at the cutting zone. As the quantity of cutting ﬂuid is very small, some auxil-
iary cooling of tool using heat pipe was attempted in the present work to enhance heat dissipation and
thus improving cutting performance. Heat pipe was installed in vertical position in contact with the tool
for extracting more heat from the tool. The inﬂuence of heat pipe cooling of tool on the cutting perfor-
mance was analyzed by Taguchi’s design of experiments. It was observed that the use of heat pipe in
minimal ﬂuid application reduced cutting temperature and tool wear to a maximum of 22% and 15%,
respectively, in comparison with conventional hard turning with minimal ﬂuid application without the
aid of heat pipe. It appears that heat pipe can be successively employed as a mean of cooling the tool
during hard turning with minimal ﬂuid application.
BY-NC-ND license (http://creativecommons.org/ licenses/by-nc-nd/4.0/).
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20161. Introduction
Hard turning process inherently generates high cutting temper-
ature due to high hardness of the work piece and the existence of
high friction at the tool–chip interface and the tool–work inter-
face. The tool life in the hard turning is commonly improved by
supplying large quantity of cutting ﬂuid. However, the introduc-
tion of cutting ﬂuid brings forth health and safety concerns [1,2].
In addition, the cost of procurement, storage and disposal of cutting
ﬂuids is several times higher than tool cost [3]. Due to the techno-
logical innovations such as ultra-hard tool materials, new tool
coatings material, and optimized tool geometry, machining without
cutting ﬂuid called dry turning is developed. However in dry turning
operations, the friction and adhesion between chip and tool tend
to be higher which causes higher temperatures, higher wear rates
and consequently shorter tool lives. Further, dry turning needs ex-
tremely rigid machine tool which is diﬃcult to implement on the
shop ﬂoor with the existingmachine tools. All these problems related
to turning with conventional ﬂood cooling and pure dry turning lead
to research on machining with minimal ﬂuid application [4] as an
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2016Machining with minimal ﬂuid application (MFA) is a technique
to minimize the use of cutting ﬂuid on the shop ﬂoor. In this tech-
nique, extremely small (2 to 5 ml) quantities of proprietary cutting
ﬂuid are applied at the critical zones as a pulsed jet. It is reported
that the frictional forces between two sliding surfaces can be reduced
by rapidly ﬂuctuating the width of the lubricant ﬁlled gap sepa-
rating them [5]. This principle was used for developing the minimal
cutting ﬂuid application system for minimizing the consumption
of cutting ﬂuid in machining. In MFA, ﬂuctuation of width of lu-
brication that is ﬁlled in the gap between the tool rake face, and
the chip is achieved with a high velocity narrow pulsing jet. It is
reported [6–8] that this new technique not only reduced the usage
of cutting ﬂuid drastically but offered better cutting performance
as well when compared to wet turning.
In minimal ﬂuid application, extremely small quantity of cutting
ﬂuid in the order of 2 ml/min is available for the dual purpose of
cooling and lubrication. Extreme temperature conditions that exist
near the root of the chip may cause the thermal degradation of the
cutting ﬂuid. Due to this, cutting ﬂuid loses its lubrication proper-
ty and fails to reduce frictional condition at the cutting zone. If some
auxiliary cooling means is designed to cool the tool would avoid
the degradation of cutting ﬂuid and improve the cutting perfor-
mance. Heat pipes can be successfully used for removing heat in
many applications as found in the literatures. Use of heat pipe in
machining for cooling the tool can reduce the amount of cutting
ﬂuid used and the associated environmental pollution. The reviewg/licenses/by-nc-nd/4.0/).
dissipation from the tool which helped in reducing of tempera-
ture at tool chip interface.
Review of literatures indicated that cutting performance can be
improved by introducing heat pipes for removal of heat from the
cutting tools. Heat pipe assisted cooling system can reduce or elim-
inate the use of cutting ﬂuids and the associated environmental
pollution. Moreover, the above literature clearly revealed that no
study has been made related to the application of heat pipe in the
area of machining with minimal ﬂuid application.
In the present research work, an attempt was made to investi-
gate the applicability of heat pipes in cooling the cutting tool during
hard turning with minimal ﬂuid application. The objective is to in-
vestigate the effect of heat pipe cooling of tool on cutting force, tool
wear, surface ﬁnish and cutting temperature during turning of hard-
ened AISI 4340 steel with minimal ﬂuid application using
multicoated carbide insert.
3. Experimental procedures
Cutting experiments were conducted on a Kirloskar Turnmaster-
35 lathe to study the inﬂuence of heat pipe assisted cooling of cutting
tool on cutting performance during minimal ﬂuid application. AISI
4340 steel with hardness of 45 HRC was used as work material.
Cutting tool consisted of tungsten carbide inserts with sculptured
rake face with a speciﬁcation SNMG 120408 and a tool holder PSBNR
2525M12 by Taegutec were used in the experiments. Since the quan-
tity of cutting ﬂuid used is extremely small, a specially formulated
cutting ﬂuid was employed in this investigation. The formulation
consisted of petroleum sulfonate (15% by weight), ethylene glycol
(1% by weight), oleic acid (3% by weight), triethanol amine (3% by
weight), alcohol ethoxylate (3% by weight) and paraﬃnic mineral
oil (rest) [19,20]. It acted as oil in water emulsion. Petroleum sul-
fonate acts as an emulsiﬁer, rust inhibitor, surfactant and EP agent.
Ethylene glycol resists freezing due to its low freezing point and acts
as a coupling agent to increase the stability of the emulsion. Oleic
acid is used as an emulsifying or solubilizing agent in aerosol prod-
ucts. It serves as an agent for improving the lubricity of the cutting
ﬂuid. Triethaol Amine is used to provide the alkalinity needed to
protect the work against rusting and it acts as an antioxidant. It also
controls the evaporation rate of water in cutting ﬂuid. Alcohol
ethoxylates possess greater resistance to water hardness than many
other surfactants. Commercially available paraﬃnic mineral oil was
used as base.
Cutting ﬂuid was applied at the tool work interface with the help
of a minimal ﬂuid applicator. Minimum ﬂuid applicator shown in
Fig. 1 can deliver very small quantity of cutting ﬂuid in the form
of high velocity pulsing jet and has the facility to vary the
Fig. 1. Minimal ﬂuid application system.
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lation to the application of heat pipe in the area of machining with
minimal ﬂuid application. Hence, in order to achieve the effective
cooling of the tool during machining with minimal ﬂuid applica-
tion, use of heat pipe is explored in the present work.
2. Literature review
Heat pipe is a heat transfer device with a very high thermal con-
ductance. It is used to transport heat from one location to another
without the need for an external power supply by diffusion [9]. A
heat pipe consists of an evacuated container sealed at ends, a wick
structure, and a small amount of working ﬂuid in equilibrium with
its own vapor. A heat pipe has three sections namely evaporator
section, adiabatic (transport) section, and condenser section. The
external heat load on the evaporator section causes the working ﬂuid
to vaporize. The resulting vapor pressure drives the vapor through
the adiabatic section to the condenser section. In the adiabatic
section, no heat is absorbed or rejected. The condensing section con-
denses the vapor and the latent heat of vaporization of the working
ﬂuid is rejected into the atmosphere. The condensed working ﬂuid
is then pumped back by capillary pressure generated in the wick
structure. Transport of heat can be continuous as long as there is
enough heat input to the evaporator section so that suﬃcient cap-
illary pressure is generated to drive the condensed liquid back to
the evaporator. Large quantities of heat can be transported through
a small cross-sectional area over a considerable distance with no
additional power input to the system using heat pipe when com-
pared to other conventional methods of heat transfer.
Heat pipes are used for cooling purposes in a wide range of ap-
plications. Recently, it found its application in the ﬁeld of
manufacturing to control the process temperatures in die-casting,
injection molding and metal machining. Application of heat pipe
in metal machining as an alternative to conventional method of re-
moving heat from the cutting zone is an emerging area of interest
among researchers. Cooling of cutting tool reduces cutting tem-
perature and improves the tool life by reducing tool wear [10–13].
Noorul Hag et al. [14] investigated the effect of parameters such
as diameter of heat pipe, length of heat pipe, magnitude of vacuum
in the heat pipe and the material used for making heat pipe on
cutting performance. Heat transfer eﬃciency of heat pipe during
hard turning of engine crank pinmaterial usingmixed alumina insert
was studied. A set of heat pipe parameters for optimum perfor-
mance were arrived at by performing a nine run experiment. There
was considerable improvement in tool life when a 400 mm Hg
vacuumwas maintained in a heat pipe made of brass having length
40 mm and diameter 7 mm was used.
Liang et al. [15] studied the effect of heat pipe in reducing the
tool–chip interface temperature of the cutter with a ﬂat heat pipe
attached on the rake face of insert in dry turning. The results showed
that the tool–chip interface temperature could be reduced effec-
tively for the cutter with heat pipe cooling and the reduction in
temperature is found to be more at the higher cutting speed. Zhu
et al. [16] experimentally veriﬁed the feasibility and effectiveness
of heat-pipe cooling in end-milling operations. The result demon-
strated that use of heat pipe cooling reduced the tool wear and
prolonged the tool life of end mill cutter.
Zhu et al. [17] made a numerical study in order to investigate
the effect of heat pipe cooling in drilling operations by predicting
the thermal, structural static and dynamic characteristics of the tool.
The numerical simulation indicated that heat pipe assisted drill-
ing reduced the peak temperature and stress on the tool tip when
compared to dry drilling. Liang et al. [18] estimated the amount of
heat ﬂowed into the turning tool and that carried away by the heat
pipe. It is found that the presence of heat pipe increased the amount
of heat ﬂowing into the tool and also increased the amount of heat
injection pressure (up to 120 Bar), frequency of pulsing (up to 1000
pulses/min) and rate of delivery of cutting ﬂuid (up to 30 ml/min)
independently.
Heat pipe used in this research work was made of electrolytic
copper and water was used as working ﬂuid. Before ﬁlling water,
presence of non-condensable gases if any, was removed by evac-
uation using a vacuum pump. Water was ﬁlled inside the tube at
a pressure of 10−3 millibar in order to lower the boiling point of water.
The inlet passage of water was crimped and sealed.
Before selecting the structural parameters of heat pipe, authors
conducted preliminary experiments for optimizing the type of wick
structure, orientation and the location of heat pipe. Accordingly,
grooved type wick having an axial groove along the length of heat
pipe has been selected for the study in order to circulate the working
ﬂuid inside the heat pipe with less ﬂow resistance than other types
of wicks such as mesh and sintered powder types [21]. The con-
denser section of the heat pipe was provided with cooling ﬁns of
10mmwidth and 0.5mm thickness over a length of 75mm. In order
to cool the ﬁns, air was blown against the cooling ﬁns with a speed
of 500m/min using a fan. The line sketch of the fabricated heat pipe
with dimension is shown in Fig. 2. The detailed structural param-
eters of heat pipe are presented in Table 1.
The tool holder was provided with a 6.5mm hole on the top face
using EDM process for mounting the heat pipe in vertical posi-
tion. The location of the hole was selected in such a way that there
was adequate surface contact between the heat pipe and the tool
insert. Thermal cement with high thermal conductivity was used
to ﬁx the heat pipes to the tool holder to ensure good thermal contact
between the insert and the heat pipe. Assembly of tool holder with
heat pipe is schematically shown in Fig. 3.
Photograph of the experimental setup is shown in Fig. 4. A sixteen
run experiment was designed based on Taguchi’s technique [22],
and the input parameters were varied at two levels. The input pa-
rameter and their respective levels are given in Table 2. The design
Fig. 2. Line sketch of heat pipe.
Table 1
Structural parameters of heat pipe.
Structural parameters Value
Length of evaporator, mm 10
Length of adiabatic section, mm 5
Length of condenser, mm 75
Outer radius of heat pipe, mm ϕ6.3
Heat pipe wall thickness, mm 1
Fin width, mm 10
Fin thickness, mm 0.5
Fin length, mm 75
Wall material Electrolytic copper
Wick type Grooved
Groove dimension ,mm 0.5 × 0.5
Spacing between grooves, mm 1
Working ﬂuid of heat pipe Water
Working ﬂuid charge level 30% of heat pipe volume is ﬁlled (0.45 ml)
Fig. 3. Assembly of tool holder and heat pipe.
Fig. 4. Photograph of the experimental setup for evaluating the cutting perfor-
mance during cooling of tool using heat pipe.
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matrix for the 16 run experiment is shown in Table 3. For each trial,
the cutting time was ﬁxed as 60 seconds and the experiments were
carried out in random order with two replications. The list of pa-
rameters that were kept constant is shown in Table 4.
Cutting force was measured using a Kistler three component
9257B dynamometer with an uncertainty ±0.1 N. The cutting tem-
perature was measured using an extrapolative technique developed
by Varadarajan et al. [23] based on Finite Element Analysis. Two stan-
dard K type thermocouples of uncertainty ±0.2 °C were planted at
the interface between the cutting tool insert and the holder sym-
metrically. The bottom of the insert and the two sides were insulated
for thermal isolation of the insert from the tool holder. The tem-
perature was measured simultaneously by two thermocouples after
achieving steady state condition in the insert. A correlation was de-
veloped between the temperaturemeasured at the interface between
the cutting tool insert and the holder and the average tempera-
ture of the tool tip using ﬁnite element model which was validated
using tool work thermo couple technique. Flank wear was mea-
sured using a tool maker’s microscope (with an uncertainty of
±0.01 mm), and the tool chip contact length was measured using
a proﬁle projector (with an uncertainty of ±0.01 mm). Surface
roughness was measured using a stylus type TIME-TR100 surface
roughness tester with an uncertainty of ±1.5%. A tool life test was
carried out for studying the variation of ﬂank wear and surface
roughness with respect to time.
4. Results and discussion
The average values of observations made during the 16 run ex-
periment are presented in Table 5. The observations were analyzed
using Qulitek-4 software, and the set of levels of the input param-
eters for achieving optimum performance is presented in Table 6.
It was observed that the presence of heat pipe forms the most sig-
niﬁcant parameter inﬂuencing the cutting temperature, cutting force,
surface roughness, ﬂank wear and tool chip contact length.
It was also observed that the rate of ﬂuid application is to be kept
at level 2 (8 ml/min) and the frequency of pulsing at level 1 (300
pulses/min) for achieving better cutting performance. When the fre-
quency of pulsing was kept at lower level (Level 1) and the rate of
ﬂuid application at higher level (Level 2), the amount of cutting ﬂuid
delivered per pulse is more than that is possible when the rate of
ﬂuid application was kept at lower level 1 (2 ml/min) and the fre-
quency of pulsing at higher level (700 pulses/min). If the quantity
of cutting ﬂuid delivered per pulse is very small, the ﬂuid par-
ticles will not have suﬃcient kinetic energy to penetrate into the
tool work interface and reach the tool chip interface through the
microcracks on the work material near the tool tip.
When the frequency of pulsing kept at level 1 (300 pulses per
min) and the rate of ﬂuid application at higher level (8 ml/min), the
amount of cutting ﬂuid delivered per pulse will be considerably high
and the ﬂuid particles will have the requisite kinetic energy to pen-
etrate into the tool–chip interface leading to better rake face
Table 2
Input parameters and their levels.
Parameter Level 1 Level 2
Rate of cutting ﬂuid q (ml/min) q1 = 2 q2 = 8
Frequency of pulsing F (pulses/min) F1 = 300 F2 = 700
Composition C (% of oil in water) C1 = 5 C2 = 15
Heat pipe (HP) HP0
Without heat pipe
HP1
With heat pipe
Table 3
Design matrix for 16 run experiment.
Exp. no Rate of cutting
ﬂuid (q)
Frequency of
pulsing (F)
Composition
(C)
Heat pipe
(HP)
1 q1 F1 C1 HP1
2 q1 F1 C1 HP0
3 q1 F1 C2 HP1
4 q1 F1 C2 HP0
5 q1 F2 C1 HP1
6 q1 F2 C1 HP0
7 q1 F2 C2 HP1
8 q1 F2 C2 HP0
9 q2 F1 C1 HP1
10 q2 F1 C1 HP0
11 q2 F1 C2 HP1
12 q2 F1 C2 HP0
13 q2 F2 C1 HP1
14 q2 F2 C1 HP0
15 q2 F2 C2 HP1
16 q2 F2 C2 HP0
Table 4
List of parameters that were kept constant.
Parameter Value
Pressure of cutting ﬂuid (p) 80 Bar
Cutting Velocity (V) 80 m/min
Feed (f) 0.1 mm/rev
Depth of Cut (d) 1.25 mm
Table 5
Observations during the cutting experiments.
Exp. No. Cutting temperature, T (°C) Main cutting force, Fz (N) Surface ﬁnish, Ra (μm) Flank wear, VB (mm) Tool chip Contact Length, L (mm)
R1 R2 Avg. R1 R2 Avg. R1 R2 Avg. R1 R2 Avg. R1 R2 Avg.
1 142.6 144.5 143.55 145.82 149.22 147.52 3.45 3.21 3.33 0.05 0.07 0.06 0.04 0.06 0.05
2 156.32 150.78 153.55 131.66 117.42 124.54 1.72 1.6 1.66 0.05 0.03 0.04 0.03 0.01 0.02
3 209.45 215.95 212.7 147.91 154.21 151.06 2.43 3.51 2.97 0.06 0.04 0.05 0.03 0.03 0.03
4 141.84 144.98 143.41 130.2 143.5 136.85 1.22 1.56 1.39 0.03 0.03 0.03 0.02 0.04 0.03
5 173.78 167.12 170.45 191.25 187.65 189.45 2.67 3.01 2.84 0.07 0.07 0.07 0.09 0.07 0.08
6 152.81 144.99 148.9 158.29 146.01 152.15 1.92 1.32 1.62 0.04 0.06 0.05 0.07 0.03 0.05
7 201.62 215.34 208.48 140.31 148.47 144.39 3.1 2.4 2.75 0.05 0.07 0.06 0.03 0.07 0.05
8 107.21 105.25 106.23 149.02 145.38 147.2 1.98 1.66 1.82 0.07 0.09 0.08 0.04 0.04 0.04
9 182.33 188.43 185.38 150.29 154.09 152.19 2.46 2.94 2.7 0.1 0.08 0.09 0.03 0.05 0.04
10 129.3 127.94 128.62 144.95 140.01 142.48 1.25 1.81 1.53 0.03 0.05 0.04 0.03 0.03 0.03
11 186.2 183.44 184.82 150.67 144.77 147.72 3.2 2.76 2.98 0.05 0.05 0.05 0.05 0.03 0.04
12 120.92 118.3 119.61 140.12 133.86 136.99 1.61 1.83 1.72 0.09 0.05 0.07 0.07 0.03 0.05
13 198.56 184.6 191.58 184.74 174.56 179.65 2.76 3.16 2.96 0.05 0.03 0.04 0.09 0.01 0.05
14 137.22 139.46 138.34 152.2 159.8 156 1.6 1.88 1.74 0.04 0.04 0.04 0.04 0.04 0.04
15 220.12 223.88 222 148.69 152.13 150.41 2.55 3.11 2.83 0.04 0.06 0.05 0.04 0.06 0.05
16 105.32 112.22 108.77 140.34 145.08 142.71 1.67 1.73 1.7 0.03 0.03 0.03 0.03 0.05 0.04
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lubrication and to some extent enhanced cooling as the droplets
evaporate.
It was observed that the composition of cutting ﬂuid should be
kept at level 2 (15% oil) for achieving better cutting performance.
Presence of oil rich cutting ﬂuid at the tool chip interface acted as
dielectric preventing the surface interaction between tool rake face
and underside of chip, which prevented the sticking of the chip onto
the rake face and improves rake face lubrication. Due to this, the
friction condition at the tool chip interface turns from sticking to
sliding which brought forth reduction of cutting force. The reduc-
tion in cutting force led to reduction in tool wear and improvement
in surface ﬁnish.
The relative signiﬁcance of the operating parameters on cutting
temperature, main cutting force, surface roughness average and ﬂank
wear are shown in Fig. 5(a)–(d) respectively. It can be found that
heat pipe has the most signiﬁcant effect on improving cutting per-
formance among the other parameters selected for the study.
When the heat pipe was not installed (Fig. 6(a)), let T1 be the
average cutting temperature at the face ABCD of the insert and T2
that of the face EFGH. If k is the thermal conductivity of the
material of the insert, A is the area of a side face of insert and x is
the distance between the faces ABCD and EFGH, the rate of heat (Q1)
transferred from the face ABCD to EFGH is given by
Q kA
T T
x1
1 2
=
−⎛⎝⎜ ⎞⎠⎟ (1)
When the heat pipe was installed (Fig. 6(b)), let T3 be the average
temperature at the surface EFGH. The rate of heat (Q2) transferred
is given by
Q kA
T T
x2
1 3
=
−⎛⎝⎜ ⎞⎠⎟ (2)
Because of the presence of the heat pipe, the face EFGH will be
cooled and hence T3 < T2, and from the Eqs. (1) and (2), it can be
seen that Q2 > Q1.Whenmore heat is transferred from the face ABCD,
the severity of temperature related damages of the tool tip reduces
which is evident in Fig. 7.
Average cutting temperature is considered as the factor that ac-
celerates all forms of tool wear. Hence when heat generated on the
tool is removed at faster rate, the mechanisms responsible for tool
wear of different forms become less active leading to the reduc-
tion in tool wear. Rapid removal of heat from the contact zone made
possible by the presence of heat pipe leads to overall reduction of
average cutting temperature, and this can also reduce the thermal
degradation of the cutting ﬂuid which helps in preserving its lu-
bricating ability. This causes the conditions in the contact zone to
change from sticking to one of sliding. This leads to reduction in
Table 6
Levels of operating parameters for optimum performance.
Factor Optimum level
Rate of minimal cutting ﬂuid, q (ml/min) 8
Frequency of pulsing, F (pulses/min) 300
Composition of minimal cutting ﬂuid, C (%) 15
Heat pipe, (HP) HP1
With heat pipe
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Fig. 5. Relative signiﬁcance of the operating parameters on (a) main cutting force, (b) cutting temperature, (c) surface roughness and (d) ﬂank wear.
R.R. Gnanadurai, A.S. Varadarajan/Engineering Science and Technology, an International Journal 19 (2016) 1190−1198 1194
tool chip contact length and associated reduction in main cutting
force. Better rake face lubrication and reduction in tool wear results
in better surface ﬁnish.
Cutting performance of heat pipe assisted turning with minimal
ﬂuid application at the optimum parameters shown in Table 6 was
compared with wet turning and turning with conventional minimal
ﬂuid application without heat pipe, and the results are shown in
Fig. 7(a)–(d). During wet turning, cutting ﬂuid was applied at the
rate of 750 ml/min at the cutting zone. In conventional and heat
pipe assisted minimal ﬂuid application, cutting ﬂuid at the rate of
8 ml/min was applied with an injection pressure of 80 bar and with
a frequency of pulsing of 300 pulse/min at the tool work inter-
face. Mineral oil based cutting ﬂuid with 15% composition (15% oil+
rest water) was used in both wet turning and minimal ﬂuid appli-
cation conditions. In all these experiments, cutting speed, feed rate
and depth of cut were kept constant at 80 m/min, 0.1 mm/rev and
1.25 mm respectively.
Cutting performance during wet turning was found to be infe-
rior tominimal ﬂuid application. Duringminimal application, cooling
occurs due to both convective and evaporative heat transfer whereas
heat extraction in wet turning is done by convective heat transfer
alone. The evaporative heat transfer is facilitated by the increase
in surface area of the cutting ﬂuid droplets. Thus, minimal
ﬂuid application provides effective heat transfer leading to lower
cutting temperatures than is possible with wet turning. Moreover,
during minimal ﬂuid application, high velocity pulsing jet of cutting
ﬂuid can penetrate into the root as well as the underside of the chip
resulting in the reduction of friction and thus reduces the cutting
force. This mechanism is not possible with wet turning. It was ob-
served that there was 22.27% reduction in cutting temperature,
15.22% reduction in ﬂankwear, 2.94% reduction inmain cutting force,
0.83% reduction in surface roughness obtained with turning with
minimal ﬂuid application with heat pipe assisted cooling of the tool
when compared to conventional minimal ﬂuid application without
heat pipe.
A tool life test was carried out for comparing ﬂank wear and
surface roughness during dry turning, wet turning, conventional hard
turning with minimal ﬂuid application and heat pipe assisted hard
turning with minimal ﬂuid application, and the results are shown
in Figs. 8 and 9. It was found that heat pipe assisted hard turning
with minimal ﬂuid application resulted in lower ﬂank wear and
lower surface roughness than other turning methods. This is also
evident from the SEM photograph of worn out inserts used with
heat pipe and without heat pipe as shown in Fig. 10. The damage
on the tool was found to be at minimum during turning with
minimal ﬂuid application in the presence of heat pipe. When heat
pipe was not used, there was more damage on the tool in the form
of coating removal from the rake face. Presence of heat pipe led to
the overall reduction of average cutting temperature by effective-
ly removing heat from the cutting zone. This reduced the thermal
degradation of the cutting ﬂuid which helped in preserving its lu-
bricating ability. Better rake face lubrication brought forth minimum
tool wear during heat pipe assisted minimal ﬂuid application. Re-
duction in tool wear and improvement in surface ﬁnish was achieved
by the presence of heat pipe which extracted more heat from the
cutting zone and cooled the cutting tool. Overall reduction in tool
temperature helped in reducing tool wear which lead to the im-
provement in surface ﬁnish.
5. Conclusions
In the present work, an experimental investigation was made
to quantify the beneﬁts that can be achieved by installing a heat
pipe as a performance enhancer during hard turning with minimal
ﬂuid application. A comparative study is also made to compare the
performance during dry turning, wet turning, conventional hard
turning with minimal ﬂuid application, heat pipe assisted minimal
ﬂuid application. The following conclusions can be drawn based on
the present work:
1. Heat pipe assisted cooling of the cutting tool can bring forth better
cutting performance during hard turning with minimal ﬂuid
application.
2. Extraction of more heat from the cutting zone by the presence
of heat pipe leads to the overall reduction of average cutting tem-
perature, and this can also reduce the thermal degradation of
the cutting ﬂuid which helps in preserving its lubricating
ability.
3. When heat pipe was introduced during minimal ﬂuid applica-
tion, there was a reduction of cutting temperature by 22%, the
tool wear by 15%, the surface roughness by 0.83% and the main
cutting force by 2.9% when compared to conventional minimal
ﬂuid application without the aid of heat pipe for extracting heat
from the tool for the same cutting conditions.
4. The heat pipe was designed in such a way that it can be easily
installed on the tool holder and can be considered as candi-
date for normal turning operations as well where high cutting
temperatures are encountered.
(a) Heat transfer in the absence of heat pipe
(b) Heat transfer in the presence of heat pipe
Fig. 6. (a) Heat transfer in the absence of heat pipe. (b) Heat transfer in the pres-
ence of heat pipe.
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Nomenclature
MFA Minimal ﬂuid application
EDM Electrical discharge machining
V Cutting velocity [m/min]
q Rate of cutting ﬂuid [ml/min]
N Frequency of pulsing [pulses/min]
p Pressure of cutting ﬂuid [bar]
Fz Main cutting force [N]
T Cutting temperature [°C]
Ra Surface roughness [μm]
VB Flank wear [mm]
Q Rate of heat transfer [J/s]
A Area of heat transfer [m2]
k Thermal conductivity [W/mK]
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